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HeterogeneityAbstract Sandstone reservoirs and other rock type properties can be variable from the time of
deposition up to their burial. Rock texture and structure in addition to diagenetic changes control
the reservoir characteristics, ﬂuid ﬂow and accumulation during the sediment burial process. In this
study, investigation is concerned with the determination of selected samples petrophysical charac-
teristics and their relation to some of the physical properties. These properties constitute an essen-
tial constraint. Particular focus will concentrate on the determination of the reservoir
characterization and their correlation to the determined polar angle and polar arm. Accomplish-
ment of this target is accustomed to the determination of other physical attributes properties.
Among targeted attributes state the rock quality index (RQI) associated to the ﬂow zone indicator
(FZI) and the fractal dimension (Df). The overall is intended to make an attempt for reservoir
description leading to its qualitative and quantitative assessment. Thus, the anticipated rock and
ﬂuid properties including polar angle and polar arm parameters are of ﬁne prediction towards reli-
able information on the considered samples. As a result, in the case study, aimed factors have
proved diverse statements. They were of a big contribution towards the reservoir quality index,
its heterogeneity and the rock type porosity. They were also of big interest in proving the ﬂuid ﬂow
circulation rate and storage.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
Reservoir systems can be made of different types of lithology,
thus different types of pores, pore throats and their geometry.Generally, these parameters can be from matrix, vugs or frac-
turing system. According to this nomenclature, study of cores
by the use of logs or microscopical analysis as well as SEM
(Scanning Electron Microscopy) will be of great issue to deﬁne
the type of pores, their scale and their geometry. Different
studies in that focus were achieved (Ning et al., 1993; Asquith,
1995). In the case study, selected samples of sandstone were
used and different processes starting from microscopical anal-
ysis to the petrophysical measurements leading to their charac-
terization versus projected physical properties were
investigated. Similar approach is also intended to predict bet-
ter understanding of the ﬂuid ﬂow and accumulation. This
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ity of different reservoirs as well as their possible degree of het-
erogeneity based a necessary core study. Thus, and in order to
move towards the reservoir characterization, selected samples
from KSA sandstone outcrops were subjected to be deﬁned
for their physical properties represented by the fractal dimen-
sion (Df), rock quality index (RQI) and its attributes. Polar an-
gle and polar arm were planned for more support concerning
essentially the pore type. Deﬁnition of these parameters based
on their related equations has guided this investigation to set
the ﬂuid ﬂow distribution with a particular view on pore sys-
tem distribution regions based on the polar angle and polar
arms curves. The overall was also aimed to evaluate the likely
heterogeneities distribution according to the physical proper-
ties changes.
2. Methodology
2.1. Core samples description
Reservoir core samples consist on some ﬁne to medium sand-
stones collected from different outcrops areas in KSA. Selected
core samples were relatively less compact and presenting heter-
ogeneous sorting varying from well sorted to moderately
sorted grains. Rocks types are dominated by quartz grains.
According to the classical ternary taxonomy, the samples can
be classiﬁed as quartz arenite. Details concerning the material
description are in (Benzagouta, 2013).
2.2. Experimental work
Experimental work was led to work out on physical ﬂuid prop-
erties and to determine their values. In this investigation the
basic factors to be considered are the petrophysical character-
istics. Laboratory measurement has allowed obtaining perme-
ability and porosity results (Table 1). Results, which are
depending on facies analysis textural characteristics, are vari-
able from few millidacrcies to Darcy unit according to the
respective sample. This variation is essential in deﬁning the
ﬂuid ﬂow governing the porous media. Thus, the use of perme-
ability and porosity becomes essential in requiring parameters
for the determination of other physical attributes such as rock
quality index, ﬂow zone indicator, fractal dimension, polar an-
gle and polar arm.Table 1 The main calculated physical parameters and petrophysica
U% k (mD) Uz % RQI
13 112 15 0.92165
17 803 20 2.15806
16 16.4 19 0.3179
15 225 18 1.21612
23 1725 30 2.71932
30 1760 35 2.40506
23 461 30 1.40578
18 116 22 0.79712
13 272 15 1.43629
16 576 19 1.884
14 272 16 1.38404
13 271 15 1.433652.3. Methodology for physical properties calculation and results
The physical characteristic are performed according to differ-
ent related equations. Combination of the overall will be
instructive of reservoir quality, its heterogeneity and complex-
ity beyond other series aspects.
2.3.1. Rock quality index (RQI)
Among these physical properties characterizing the reservoir in
the case is the rock quality index (RQI):
RQI ¼ 0:0314ðkcore=UcoreÞ0:5 ðSoto etal:; 2010Þ ð1Þ
This equation is mainly established to assess the reservoir
quality based on its characteristics which are related to reser-
voir description beyond ﬂuid properties. It is based on perme-
ability and porosity measurement in the laboratory. However,
for the case fractured reservoirs, Rock Quality Index (RQI)
can be approached by the following equation (Ohen et al.,
2002) where,
RQI ¼ 0:0314ðkcore=U2m1core Þ
0:5 ð2Þ
According to Eq. (2), the cementation exponent (m) can be
introduced to calculate rock quality index (RQI) in the case of
fractured system. Ohen et al. (2002) equation can depend indi-
rectly on other parameters such as tortuosity (s), surface area
per unit grain volume (Sgv), grain shape (F), clay content
(Vsh), pore level interconnectivity and fractured ﬂow zone in-
dex (FZI) (Ohen et al., 2002).This equation can also be re-
ferred to Archie equation (1942) and Schlumberger (1995).
Interpretation of the results coming out from these equations
should be referred to the criteria of Archie reservoirs condi-
tions from Non-Archie conditions. Workﬂow chart for these
conditions is well set in (Worthington, 2011).Thus, restrictions
and conditions for applications are highly requested (Ohen
et al., 2002; Worthington, 2011).
2.3.2. Flow zone indicator determination (FZI)
The reservoir description can be based on ﬂow zone indicator
(FZI) or hydraulic ﬂow unit (HFU). This latter factor can be
deﬁned and used for any reservoir classiﬁcation forecasting
the ﬂow properties governing porous medium. Determination
of FZI is related to normalized porosity index (hz). Normalized
porosity index (hz) is deﬁned as:l results.
FZI r (lm) h Df
6.16798 6.39794 1.41575 2.1
10.5364 10.7886 1.47837 2.2
1.66898 2.13611 1.13296 2.05
6.89133 7.13998 1.43164 2.13
9.10381 9.45727 1.46545 2.37
5.6118 6.12877 1.40906 2.47
4.70629 5.11006 1.37755 2.16
3.63131 3.986 1.32499 2.1
9.6121 9.8134 1.46925 2.13
9.891 10.1319 1.47242 2.18
8.50199 8.72339 1.45666 2.14
9.59442 9.79581 1.46906 2.13
Figure 1 The harmonious relation between the permeability and
RQI in a log–log plot.
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Combination of z determination and RQI are leading to the
ﬂow zone indicator (FZI). Thus, ﬂow zone indicators as spec-
iﬁed by Amaefule et al. (1993)) is derived from the RQI and
normalized porosity index (Uz) as follow:
FZI ¼ RQI=UZ ðAmaefule etal:; 1993Þ ð3Þ
Determination of this parameter will support the samples
data determination not only on rock quality index and its attri-
butes but also on the degree of heterogeneity when the perme-
ability ﬂuid ﬂow and storage are not constant. Issue on FZI
determination can also be through the use graphical plot of
(RQI) parameters versus (Uz). It consists on the plots of
Log–Log scale of RQI versus (Øz). The curve intercept value
will correspond to FZI or the ﬂow unit index since: Log
RQI = Log FZI + Log (Øz), (Amaefule et al., 1993).
2.3.3. Fractal dimension determination (Df)
For more support concerning this investigation on reservoir
characteristics, consideration of the fractal dimension (Df)
can be a further approach. Obtained results can be correlated
to the petrophysical characteristics evolution. The relation be-
tween each other is indirect but, owing to the parameters in-
volved in both sides, mutual terms can be reﬂected regarding
their progress. Df is function of the saturation and capillary
pressure. Thus, these two latter factors are essential issues
for permeability and porosity determination. Hence, according
to Toledo et al. (1993), the Df can be deﬁned as:
SwaðPc3Df ordSwÞ=dpc aPcð2DfÞ ðToledo etal:; 1993Þ ð4Þ
where, Sw is deduced from porosity and permeability measure-
ment. It is also related to r (pore radius) which is based on
empirical equations for determining pore aperture Radii
(mm) corresponding to Various Mercury Saturation Percen-
tiles (Pittman, 2001). Then,
Pc is deduced from the pore radius based on the equation:
Pc ¼ 2r cos h=r ð5Þ
With, r asmercury surface tension = 480 dyne/cm ormN/m
with h as mercury contact angle 140 (Pittman, 2001). This
equation can be reduced to:
Pc ¼ 107=r ðPittman; 2001Þ ð6Þ
Based on these determined parameters the Df is deduced
according to Eq. (4).
2.3.4. Polar arm and polar angle
Other physical parameters can be targeted: The Polar arm (r)
and polar angle Ø. They are related to the ﬂow zone indicator
and the normalized porosity index (Soto et al., 2010). These
two parameters are required to sustain a possible statement
regarding the pore system present in the case study. Their esti-
mation is also projected to validate the reservoir heterogeneity
extent. According to Soto et al. (2010), the polar arm and polar
angle are deﬁned as:
For polar arm:
Polar arm ¼ UZ þ ðFZI2 þ 1Þ1=2 ðSoto etal:; 2010Þ ð7Þ
The polar angle
Øpolar ¼ ATANðFZIÞ ðSoto etal:; 2010Þwhere ð8ÞThe FZI is the ﬂow zone indicator, and
ATAN: is arctangent (FZI) value
The polar arm and polar angle parameters were anticipated
in order to bear approach on reservoir classes, pore ﬂuid sys-
tem, reservoir quality and classes. Application was made for
three samples according to the lower, medium and highest va-
lue in permeability. Thus, calculation was completed according
to Eqs. (7) and (8). In an overall approach, the implication of
this parameter can be a balancing parameter supporting the
reservoir heterogeneity type and completing its description.
3. Results and interpretation
According to the different calculations led through permeabil-
ity, porosity and other attributes, determination results are
shown in Table 1. Reservoir description has shown material
of different facies aspects (Benzagouta, 2013). Variation in
some textural parameters such as grain size and sorting has
led to a direct variation in the physical properties (Table 1).
Consideration of each parameter has given more details
regarding the reservoir description.
Consideration of rock quality index, which is based on per-
meability and porosity values, indicates values between 0.31
and 2.94. This discrepancy is related to difference in permeabil-
ity and porosity values, respectively. It almost expresses that
the higher is the difference in values between the permeability
and porosity correspondingly; the upper is the RQI standards.
Plot of the permeability versus RQI supports this statement
according to their log–log relation (Figs. 1 and 2). Variation
values are in support for common layers distribution within
any heterogeneous reservoir. These variations are sustained
by the distinctive inconsistency in values between permeability
and porosity for each considered sample.
The use of RQI versus reservoir characteristics and essen-
tially, the FZI and Øz (Table 1) and (Figs. 3 and 4) indicate
that, the selected samples can correspond to different ﬂow
zones. Figs. 3 and 4 shows that an increase of the ﬂow zone in-
dex (FZI) corresponds to the raise of porosity and especially
the permeability. Thus, petrophysical characteristics and essen-
tially permeability supports the various distributions of ﬂuid
ﬂow zones. In addition, the FZI evaluation can be an impor-
tant device in assessment process leading mostly to a close rela-
tion with the effective porosity type (Fig. 4).
Support for the reservoir zoning and ﬂow character quanti-
ﬁcation using the FZI and RQI parameter at various levels,
Figure 2 RQI versus – porosity, conﬁrming the large distribu-
tion control on petrophysical variation related to the rock quality
index.
Figure 3 The evolution of permeability as function of ﬂow zone
index in a log–log graph.
Figure 4 FZI versus porosity indicating the wide range of ﬂow
zone restricted to the range of porosity present.
Figure 5 Fractal dimension versus permeability log values.
Figure 6 Df versus porosity: Df is slightly changing with the
change in porosity.
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(2007), Tanmay (2008). They found that identiﬁcation of
FZI and RQI allow reservoir zoning and anisotropy. Their
use might be exploited for the reservoir scale up from the
microscale (plug) to megascale (wellbore). Determination of
the ﬂow zone indicator for any considered reservoir can be
resourceful from well logging data and geophysical methods.
Similar cases were well deﬁned leading to better reservoirdescription (Tiab, 1993; Al-Dhafeeri and Nasr-El-Din, 2007;
Tanmay, 2008).
The fractal dimension (Df), according to Table 1, indicates
values ranging from 2.05 to 2.47. The fractal dimension is re-
lated to mercury saturation and Pc (Eq. (4)). Therefore in
the case study, an increase of the fractal dimension corre-
sponds to an increase of the saturation leading essentially to
the raise of permeability. The plot of permeability values
(log scale) versus Df (fractal dimension) is in support of
this previous statement (Fig. 5) where the higher is the Df
values and the bigger are the permeability values (log scale).
The fractal dimension versus the permeability values vary in
a linear trend (Fig. 5). This tendency can be owned to the lack
of homogeneity (heterogeneity case) since, the permeability
distribution is variable with sometimes high discrepancy
between samples value (Table 1). This relation conﬁrms previ-
ous results and statement investigated physical properties. It
can be also related to the depositional material changing in
texture from one sample to another, including pore structures
and geometrical attributes (Benzagouta, 2013).
The plot of porosity versus the fractal dimension was rela-
tively indicator of the stretching values of the latter parameter
versus porosity variation (Fig. 6). Thus, as permeability, rock
quality index (RQI) and the ﬂow zone index (FZI), the fractal
dimension Df versus porosity () capitulate also a slightly posi-
tive correlation. This correlation expresses the Df parameters
236 M.S. Benzagoutaevolution based on Pc and saturation, versus the porosity and
essentially the type of porosity.
Finally, physical properties can be, in any correlative reser-
voir characterization, complemented and supported by the
determination of the polar angle and polar arm. These latter
parameters which are deduced from Eqs. (7) and (8) are
depending on the normalized porosity and the ﬂow zone indi-
cator (Soto et al., 2010; Tiab, 1993). Plot of these deduced
parameters versus each other according to the selected samples
are aimed to the determination of the type of porosity related
to the case study (Soto et al., 2010; Tiab, 1993).
Process was conducted on selected representative samples:
lower, medium and higher reservoir characteristics values. Plot
result has led to hyperbolic shape with a valid linearity of the
curve. As result, the plots on the graph show three main trends
for the three selected samples (Fig. 7). It reveals high hyper-
bolic curve which indicates that the higher is the polar angle,
the higher is the polar arm, and the better is the sample petro-
physical and physical characteristics (Fig. 7). In addition and
according to this harmony between the two parameters, the ac-
quired plot can be indicator of the presence of no more than
one type of porosity which is, in the case study, the intergran-
ular porosity type (Benzagouta, 2013). Such outcome is well
supported by Soto et al. (2010). In their results, the authors
found that the polar angle versus polar arm, when they are
deviated from the main hyperbolic curve, might correspond
to another type of porosity such as fractures or vuggy pores,
rather than intergranular one.
In addition, the fractal dimension (Df) remains another
parameter for the support of the reservoir characteristics, qual-
ity, heterogeneity and accumulation. Results from (Table 1)
are almost in the similar range. This assortment is due to the
different samples permeability, which is relatively higher, lead-
ing to decrease of the capillary pressure and increasing of Df.
Thus, related saturation becomes high (Eqs. (4) and (6)). Sup-
port of this statement is from the pore radius (r) calculated val-
ues which is indicator of the capillary pressure and therefore of
the quality of the reservoir.
The polar angle and polar arms where used mainly for the
conﬁrmation of the type of reservoirs according to the selected
samples. It has been revealed that evolution of these parame-
ters through the obtained curve is indicator of quality of the
reservoir characteristics. In addition similar hyperbolic trend
is revelator of the type of porosity with dominant intergranularFigure 7 Indicator of the polar angle versus polar arm.type (Soto et al., 2010). (Perez and Chopra, 1997) found that
the use of these parameters can be revelator of the net pay zon-
ing determination and possibility of H–C potential accumula-
tion. In his approach, the same author stated that the use of
physical properties and log data might constitute an essential
key for the ﬁeld scale up modeling, regarding exploration
and production. Additional support is from Al-Dhafeeri and
Nasr-El-Din (2007). He found that by correlating samples re-
sult to each other, the outcome becomes an important issue
for estimating reservoir heterogeneity.
4. Conclusion
Obtained results have led to diverse statements. Variation in
porosity and permeability is of large and important impact
on ﬂow zone and rock quality parameters. Conﬁrmation of
these parameters evolution is supported by the Df determina-
tion which is depending on rock saturation. Polar arm and po-
lar angle method applied to selected samples revealed that the
dominant effective porosity for the case study is intergranular
pore type. . However, although the samples were generally of a
relatively good permeability and porosity, the physical proper-
ties determination was of big contribution towards the reser-
voir heterogeneity determination and description. The overall
statement deduced from different physical properties analysis
and determination can be complemented by other detailed fac-
tors such as tortuosity, surface grain volume beyond the pore
space geometry and distribution. The overall can be able to
predict better reservoir accumulation regarding the deﬁned
interesting zoning.References
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